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A B S T R A C T   
In this work, we have demonstrated the suitability of a novel Deep Eutectic Solvent (DES) composed of cholinium 
dihydrogen phosphate and ethylene glycol at a molar ratio of 1:2 (ChDHP:EG) to extract Candida antarctica lipase 
B from aqueous solutions of non-ionic surfactants Triton X-100 and Tween 80. The binodal curves were firstly 
explored at temperatures between 298.15 and 333.15 K and the experimental data were correlated by means of 
empirical models based on exponential and polynomial equations. The tie-lines have been ascertained by means 
of density and refractive indices measurement, and Othmer-Tobias, Bancroft and Setschenow equations were 
proposed to correlate these data. The Tween 80-based Aqueous Biphasic System was demonstrated to avoid any 
deleterious effect on the lipase biocatalytic activity, and more than 80% of the enzyme activity was retained on 
the DES-rich phase, which proves the suitability of these platforms to be employed in downstream stages in lipase 
production processes.   
1. Introduction 
Since the concept of Green Chemistry was defined in the 90s, many 
studies have focussed on the search of more environmentally friendly 
processes. In this context, the first target was the replacement of organic 
solvents by including more sustainable solvents with lower volatility 
[1,2]. Ionic liquids (ILs) were the former in this carrier due to their 
specific properties like high conductivity, thermal stability, tunability, 
non-flammability or negligible volatility [3]. Nevertheless, ILs bear 
disadvantages like a complex purification process or their high envi-
ronmental persistence (e.g. imidazolium ring), so a new shift towards 
more biocompatible and economic compounds is being demanded [4,5]. 
Deep eutectic solvents (DESs) are eutectic mixtures that can be syn-
thesised by mixing, under a certain molar ratio, two or three compo-
nents, one playing the role of hydrogen bond acceptor (HBA), mainly 
quaternary ammonium salts, and the other one the hydrogen-bond 
donor (HBD), like alcohols, amino acids, carboxylic acids or water. 
They usually interact via hydrogen bonding entailing a charge delocal-
ization and a subsequent decrease of the melting temperature [6]. 
Currently, DESs have arisen as alternative solvents [7] and have 
gained further momentum due to a portfolio of properties like their 
biodegradability, easy and inexpensive synthesis, and possible recovery 
and reuse [8], although the selection of DES components must be judi-
ciously carried out in order to avoid toxicity concerns [9,10]. Further-
more, they have shown excellent performance in a wide range of 
processes acting as catalysts [11], adsorption promoters [12,13], adju-
vants in the electrodeposition of metals [14] and in separation strategies 
[15–18]. 
Among the existing separation methods, Aqueous Biphasic Systems 
(ABS) have been considered as a sustainable alternative for conventional 
liquid-liquid extraction. These systems are formed when phase separa-
tion spontaneously occurs between two water-soluble compounds at a 
certain composition. ABS have shown to be effective in numerous ap-
plications like biomolecules extraction [19,20], environmental remedi-
ation [21,22], or purification processes [23] and have been boosted in 
recent years with the emergence of neoteric solvents like ionic liquids or 
DES. 
A scarcity of studies has pointed out the suitability of DES to act as 
phase forming components in ABS in mixtures with salts or polymers. 
Recently, we have demonstrated the salting-out ability of reline DES in 
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aqueous solutions of non-ionic surfactant for removing textile dyes [24]. 
These surface active compounds are composed of lipophilic and hy-
drophilic groups and their hydrophobicity can be inferred by means of 
the Hydrophilic–Lipophilic Balance (HLB), a parameter varying between 
0 (low hydrophilicity) and 20 (high hydrophilicity) [25]. 
Among the surfactant families, the non-ionic polyethoxylated sor-
bitan (Tween) and polyoxyethylene octylphenol (Triton) moieties are 
one of the most widely used in biotechnology as carbon source or in-
ducers in catalytic reactions [26] or in the pharmaceutical industry for 
virus inactivation [27,28] due to inherent benefits such as their low cost 
and biodegradability. 
Taking into account the above mentioned, aqueous systems con-
taining DES and non-ionic surfactants entail benefits such as a lower 
interface tension, lower cost, null flammability and immiscibility win-
dows similar to those obtained with conventional salts. Despite the 
biocompatibility of these DES, they have not ever been applied for the 
separation of enzymes in surfactant-containing aqueous media (where 
many lipases are typically produced). Therefore, in this work lipolytic 
enzymes were selected as model biocatalysts due to their interest in a 
range of sectors such as pharmaceutical, paper, biofuels or food in-
dustries, and the market has already surpassed 400 million dollars in 
2018 [29]. The reason for this applicability lies in the fact that tri-
acylglycerol hydrolases or lipases (EC 3.1.1.3) are able to exert their 
biocatalytic effect on a plethora of chemical reactions, such as acid-
olysis, aminolysis, alcoholysis hydrolysis, interesterification or esterifi-
cation. Additionally, they bear advantageous features like their high 
degree of chemo-, enantio- and regioselectivity, and their optimum 
performance in the absence of cofactors and their wide range of sub-
strate specificity [30,31]. 
In view of the above, the possible role of dihydrogen phosphate 
choline (ChDHP)/ethylene glycol-based DES as phase segregation agent 
in aqueous solutions of two non-ionic surfactants (Triton X-100 and 
Tween 80) was investigated in the present work. The experimental 
solubility curves were characterized at different temperatures at atmo-
spheric pressure, and the equilibrium binodal and tie-line data were 
fitted to empirical equations to fully describe the immiscibility region. 
Then, the proposed ABS were employed to separate a model Candida 
antarctica lipase B from aqueous solutions, as this enzyme is one of the 
most important ones used in biocatalysis. 
2. Experimental section 
2.1. Materials 
Cholinium dihydrogen phosphate (N1112OHDHP) was purchased 
from Sigma-Aldrich (CAS 83846-92-8, mass fraction purity greater than 
0.98). In order to reduce potential traces of solvents and moisture, 
vacuum drying (2⋅10−1 Pa) and moderate temperature (T = 323.15 K) 
were applied for 5 days. Then, it was stored under inert atmosphere until 
use. Ethylene glycol (EG) (CAS 107-21-1, mass fraction purity greater 
than 0.99) was acquired from Sigma-Aldrich and the non-ionic surfac-
tants Triton X-100 (CAS 9002-93-1) and Tween 80 (CAS 9005-65-6) 
were supplied by Scharlau and used without further purification. The 
water content of all liquid reagents was also determined by Karl-Fisher 
titration and was lower than 0.001 (w/w). Double-distilled deionized 
water was always used for solutions preparation. Candida antarctica 
lipase B was kindly donated by Novozymes. 
2.2. DES preparation 
DES mixture was synthesized by mixing both the hydrogen bond 
acceptor (N1112OHDHP) and donor (EG) in a molar ratio (1:2), respec-
tively (Sartorius Cubis MSA 125P-100-DA balance, ±10−5 g) within 
closed vials and heating at 75 ◦C for 1 h. Afterwards, a homogeneous 
colourless liquid was observed and the solution remained stable at time. 
A water mass fraction of 2.9 ⋅ 10−3 was obtained by Karl-Fisher titration 
after vacuum drying and this value was taking into account for the 
experiments. 
2.3. Determination of binodal phase diagrams and tie lines 
The solubility curves were performed in a jacketed glass vessel 
containing a magnetic stirrer at temperatures comprised between 
298.15 and 333.15 K, controlled with a F200 ASL digital thermometer 
with an uncertainty of ±0.01 K. The solubility data were ascertained 
through the widely employed cloud point titration method [32]. The 
experimental procedure consisted in the addition of water to binary 
mixtures containing surfactant and DES (with known mass fraction) 
until the detection of a turbid solution. This was followed by the drop-
wise addition of water to each mixture until the turbidity disappeared, 
indicating that the frontier of the immiscibility region was reached. The 
mass composition of all mixtures was determined gravimetrically using 
the abovementioned analytical balance and the process was repeated up 
to completely characterize the binodal curve. 
The tie-lines (TLs) determination started with the addition of a 
ternary mixture (with known mass fraction) within the immiscibility 
region to different glass ampoules, as reported previously [24]. The 
temperature was kept constant and the mixture was stirred vigorously 
for 1 h, and left to settle for 24 h to ensure a phase separation. Each layer 
was carefully withdrawn through a syringe and analysed by means of 
density and refractive indices measurements. For this purpose, Anton 
Paar DSA 5000 M digital vibrating tube densimeter (uncertainty of 
±2⋅10−5 g⋅cm−3) and a Dr. Kernchen ABBEMAT WR refractometer 
(uncertainty of ±4⋅10−5) were used respectively, after calibration with 
Milli-Q water and tetrachloroethylene following the manufacturer 
recommendations. 
2.4. Enzyme partition 
DES was added to a mixture containing an aqueous solution of the 
enzyme and surfactant up to a total volume of 3 mL at a concentration of 
(wsurf, wDES) = (20, 60) %. The mixture was vigorously stirred and then 
left to settle by centrifugation at 1107 g for 15 min at 25 ◦C. Samples 
from the surfactant- and DES-rich phases were taken with a syringe and 
the lipolytic activity was determined by UV spectrophotometric assay. 
The initial activity prior to ABS formation was 17400 ± 309 U/L. 
2.5. Lipolytic activity quantification 
Lipolytic activity was determined through UV spectrophotometry 
(Unicam Helios β, Thermo Electron Corp spectrophotometer). The re-
action started with the addition of 100 μL of sample to a mixture of 100 
μL of p-nitrophenyl laurate (2.5 mM in ethanol) and 800 μL of Tris HCl 
buffer 50 mM (pH 8) containing CaCl2 20 mM at 298.15 K. The bio-
catalytic reaction was stopped after 20 min with the addition of a CaCO3 
solution (1 M) in a water ice bath. Afterwards, the sample was centri-
fuged at 17,709 g for 10 min at 4 ◦C and the absorbance was measured at 
400 nm. One activity unit (U/L) was defined as the amount of enzyme 
biocatalyzing the release of 1 µmol of p-nitrophenol per minute under 
standard assay conditions. In all cases, the lipolytic activity was deter-
mined in triplicate and the results are mean values with the standard 
deviation of the three values. 
3. Results and discussion 
3.1. Experimental equilibrium compositions and modelling 
The application of this novel cholinium dihydrogen phosphate DES 
as salting-out promoter for the separation of lipolytic enzymes demands 
an initial study to map the immiscibility region in aqueous solutions of 
non-ionic surfactants. This kind of surfactants can be usually found in 
culture media to biosynthesize lipolytic enzymes due to their induction 
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Fig. 2. Plot of solubility data for {Tween 80 (1) + DES (2) + H2O (3)} at 298.15 K ( ), 313.15 K ( ), 323.15 K ( ), 333.15 K ( ) and atmospheric pressure. 
Dashed lines represent the fitting to Eq. (3) and solid lines are a guide to the eye. 


























Fig. 1. Plot of solubility data for {Triton X-100 (1) + DES (2) + H2O (3)} at 298.15 K ( ), 313.15 K ( ), 323.15 K ( ), 333.15 K ( ) and atmospheric pressure. 
Dashed lines represent the fitting to Eq. (3) and solid lines are a guide to the eye. 
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or cell membrane solubilisation capacity, as previously reported by our 
group [26,33]. Therefore, the first step included the experimental 
demonstration of the phase separation capacity of the novel DES 
(ChDHP:EG) in aqueous solutions of two model non-ionic surfactants: 
Triton X-100 and Tween 80. Although different authors [34] have rec-
ommended the analysis of DES-based ABS as true quaternary systems, 
the use of a 3D representation would make it difficult to analyse the 
results, so the data have been presented as pseudoternary systems. 
Therefore, the biphasic regions at temperatures ranging from 298.15 to 
333.15 K are shown as triangular representation in Figs. 1 and 2, while 
the experimental binodal data, in mass fraction, are compiled in 
Tables S1 and S2. All the experimental binodal data were fitted to the 
following empirical nonlinear expressions, previously used for the cor-
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where w1 and w2 are, respectively, the non-ionic surfactants and DES 
weight mass fraction percentage of binodal curves. Therefore, A, B, C, D 
and E represent the fitting parameters, which were obtained after 
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where zexp and zadjust depict the experimental and the theoretical values, 
respectively, and nDAT matches the number of data. All the values of the 
adjustment parameters were obtained after applying the SOLVER tool in 
Microsoft Excel to optimize the coefficients, which are listed in Tables S3 
and S4. The analysis of the deviation data allows concluding the suit-
ability of the proposed equations for explaining the segregation behav-
iour of the non-ionic surfactants in the presence of ChDHP:EG. In general 
terms, the exponential four parameter-equation allows slightly lower 
deviations for both non-ionic surfactants. These results are in agreement 
with our previous observations in ABS composed of cholinium-based 
ionic liquids and non-ionic surfactants [37,38] thus demonstrated the 
suitability of this equations for describing DES-based ABS. 
The analysis of the immiscibility regions reveals the suitability of 
choline dihydrogen phosphate-based DES to act as salting-out agent in 
aqueous solutions of both surfactants. Actually, the biphasic region size 
is greater than that reported for other imidazolium and cholinium-based 
ionic liquids [38–41], and is similar to that reported for recent papers 
using ChDHP as phase promoter [37,41]. This fact is interesting as the 
inclusion of ethyleneglycol in the DES synthesis does not involve a 
reduction in the phase segregation capacity while lowering the cost of 
the process (due to the lower price of ethyleneglycol regarding ChDHP). 
Additionally, it can be noticed that the immiscibility area size follows 
the order predicted by the HLB of the surfactant (15.0 for Tween 80 and 
13.4 for Triton X-100), as the less hydrophilic surfactant Triton X-100 
involves binodal curves closer to the water vertex. In this sense, the 
greater number of ethoxylate groups in Tween 80 entail a greater 
interaction with water molecules which hampers phase segregation. 
Contrarily to that, the aromatic ring of Triton X-100 eases its segregation 
to the upper phase due to a reduced capacity to establish hydrogen 
bonds with water, in line with the conclusions of Li et al. [42]. This 
behaviour is a consequence of the greater decrease of Triton X-100 cloud 
point in the presence of DES, as the temperature-derived dehydration 
furthers micelles separation from water. 
Regarding the effect of temperature, from the data presented in 
Figs. 1 and 2 it becomes evident that greater temperatures are translated 
into bigger biphasic areas. The reason for this behaviour may be the 
weakening of the hydrogen bonds between the surfactant and the water 
molecules at more elevated temperatures. In this sense, Lindman et al. 
[43] reported the predominance of conformers with negligible dipole 
moments at high temperatures that would make the ethoxylated chains 
of the surfactant more apolar, thus promoting surfactant-surfactant in-
teractions and hindering water-surfactant interplays. Analogous trends 
with temperature were reported for other choline-based DES acting as 
segregation agents in aqueous solutions of polymers [44]. 
3.2. Tie-lines modelling and application to enzyme separation 
After having demonstrated the suitability of the proposed DES to act 
Table 1 
Experimental tie–lines in mass percentage for the system {Triton X-100 (1) + DES (2) + H2O (3)} at T = (298.15 to 333.15) K and atmospheric presuure.a  
Surfactant-rich phase DES-rich phase Feed composition TLL S 
100wI1  100wI2  100wII1  100wII2  100w1 100w2 
T = 298.15 K 
92.87 0.63 0.00 74.00 15.06 63.14 118.35 −1.2658 
82.62 1.39 0.00 62.56 15.04 51.11 102.80 −1.3505 
70.49 3.31 0.00 47.73 14.79 39.40 83.32 −1.5870 
54.48 8.52 0.00 37.51 14.91 30.22 61.72 −1.8790  
T = 313.15 K 
92.64 0.56 0.00 78.50 15.00 66.24 121.06 −1.1886 
80.07 0.54 0.00 62.31 14.90 52.15 101.13 −1.2963 
60.20 6.28 0.00 49.95 14.85 39.84 74.37 −1.3787 
37.08 11.59 0.00 33.12 14.97 24.72 42.88 −1.7226  
T = 323.15 K 
94.96 0.76 0.00 77.08 15.18 64.67 121.83 −1.2441 
85.13 1.47 0.00 62.29 15.04 52.23 104.62 −1.3997 
70.53 2.97 0.00 48.74 14.97 39.11 84.08 −1.5412 
55.33 5.89 0.00 34.40 14.74 26.68 62.24 −1.9403  
T = 333.15 K 
91.06 0.97 0.00 79.15 15.05 65.63 120.02 −1.1646 
82.64 1.48 0.00 64.84 14.77 54.22 104.13 −1.3042 
72.57 1.78 0.00 50.05 14.95 40.86 87.16 −1.5037 
67.04 1.84 0. 00 34.73 14.94 27.93 74.68 −2.0385 
56.61 1.94 0.00 25.90 15.12 20.11 61.47 −2.3628  
a Standard uncertainties are u(T) = ±0.01 K; u(P) = ±2 kPa. 
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as phase promoter in both non-ionic surfactants, the tie-lines (TLs) were 
experimentally determined at a temperature range from 298.15 to 
333.15 K and atmospheric pressure to fully characterize the systems. 
Moreover, the tie-line length (TLL) and the slope of the tie-lines (S) were 
respectively estimated using Eqs. (6) and (7), which values are listed 
together with the tie-lines in Tables 1 and 2, and graphically in Figs. 3 
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being w1 and w2 the mass fraction of non-ionic surfactant and DES, 
respectively. The superscripts I and II denote the surfactant- and DES- 
rich phase, respectively. 
The analysis of the data shown in Tables 1 and 2 evidences that an 
increase in the ChDHP:EG concentration in the heavy DES-rich phase is 
associated with an increase of non-ionic surfactant concentration in the 
light phase and greater TLL values, which can be explained in terms of 
the competition between the DES and the Triton X-100/Tween 80 for 
establishing hydrogen bonds with water molecules: the more salting out 
agent is present the more non-ionic surfactant is promoted to the upper- 
phase, in line with previous research works [35]. Regarding S values, it 
is also noticeable that they are higher when the tie-lines are near to the 
water vertex, although in all cases the upper tie-lines lead to the equi-
librium of two aqueous phases (about 50% of water), which would be 
interesting for avoiding deleterious effect when extracting biomolecules. 
Othmer-Tobias and Bancroft equations [45,46] were employed to 
relate the tie line mass concentration of the top phase with that of the 
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being w1, w2 and w3 the non-ionic surfactant, DES and water mass 
fraction, respectively, the superscripts I and II designate the top (sur-
factant-rich) and bottom (DES-rich) phases, respectively and the fitting 
parameters are represented by n, m, k, and r. In a visual inspection of the 
data presented in Table S5 together with the regression coefficients, it is 
possible to conclude the suitability of both equations to describe the 
liquid-liquid equilibrium, since the values of R2 are all higher than 0.9, 
emphasizing that Othmer-Tobias equation provides slightly higher 
regression coefficients, in concordance with previous data of non-ionic 
surfactant-based ABS [5,47]. 
Additionally, the effectiveness of the ChDHP:EG to trigger phase 
disengagement in aqueous solutions of non-ionic surfactants at different 
temperatures can be evaluated in the shape of the salting-out coefficient 











, (10)  
where y and x represent the molar fractions of non-ionic surfactants and 
DES, respectively, while β and Ks are the fitting parameters, which are 
presented in Table S6 together with the regression coefficient. The 
greater values of Ks at more elevated temperatures confirm the greater 
salting out capacity of choline dihydrogen phosphate-based DES at 
increasing temperatures, confirming the weakening of hydrogen bonds 
between surfactant and water molecules at high temperature values. 
Finally, once the suitability of the proposed ChDHP-based DES was 
demonstrated the ABS was applied to the separation of C. antarctica 
lipase B. After checking the possible existence of deleterious effects on 
enzyme activity of the ABS composed of ChDHP:EG and Triton X-100 or 
Tween 80, it was visually detected that the separation was more efficient 
with the second surfactant. Additionally, no detrimental effect on bio-
catalytic activity was concluded for the Tween 80-based ABS, while the 
presence of Triton X-100 led to a reduction in activity values near to 
65%. The analysis of enzyme distribution between phases was calcu-
lated in terms of lipolytic enzyme extraction percentage (En) of a given n 
phase, calculated as follows (%): 
En = LAnÂ⋅100/(LAI + LAII) (11)  
being LAI the lipolytic activity in the surfactant-rich phase, LAII the 
lipolytic activity in the DES-rich phase and LAn referring to the lipolytic 
activity in the desired phase (top or bottom). 
The data obtained are presented in Fig. 5 and reveal the affinity of 
Table 2 
Experimental tie–lines in mass percentage for the system {Tween 80 (1) + DES (2) + H2O (3)} at T = (298.15 to 333.15) K and atmospheric pressurea.  
Surfactant-rich phase DES-rich phase Feed composition TLL (tie line length) S (tie line slope) 
100wI1  100wI2  100wII1  100wII2  100w1 100w2 
T = 298.15 K 
92.83 0.48 0.00 74.03 14.99 63.14 118.44 −1.2621 
81.10 1.46 0.00 62.98 14.93 52.04 101.79 −1.3183 
63.88 6.69 0.00 49.31 14.97 39.84 76.79 −1.4988  
T = 313.15 K 
87.48 0.59 0.00 77.50 15.13 64.79 116.48 −1.1374 
79.90 1.32 0.00 62.73 14.95 51.92 100.77 −1.3011 
58.66 8.65 0.00 49.73 15.13 39.81 71.61 −1.4280 
34.95 14.38 0.00 33.67 14.90 25.80 39.92 −1.8117  
T = 323.15 K 
89.54 0.60 0.00 75.01 15.10 62.96 116.43 −1.2034 
83.13 1.38 0.00 62.77 14.81 51.36 103.34 −1.3541 
60.20 6.83 0.00 48.16 15.01 38.13 73.03 −1.4564 
35.54 12.20 0.00 33.61 14.82 24.31 41.49 −1.6594  
T = 333.15 K 
91.86 0.59 0.00 76.32 14.87 64.56 119.05 −1.2129 
82.76 1.26 0.00 64.82 15.04 53.41 104.35 −1.3020 
65.35 4.98 0.00 54.11 14.88 43.42 81.76 −1.3304 
52.23 6.49 0.00 41.17 14.88 31.10 62.69 −1.5060 
40.85 7.70 0.00 26.75 14.93 19.94 45.07 −2.1439  
a Standard uncertainties are ur (w) = ±0.02. u (T) = ±0.01 K; u(P) = ±2.0 kPa. 
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Fig. 3. Plot of tie-line data for {Triton X-100 (1) + DES (2) + H2O (3)} at 298.15 K ( ), 313.15 K ( ), 323.15 K ( ), 333.15 K ( ) and atmospheric pressure. 
Dashed lines represent the fitting to Eq. (3) and solid lines are a guide to the eye. 
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Fig. 4. Plot tie-line data for {Tween 80 (1) + DES (2) + H2O (3)} at 298.15 K ( ), 313.15 K ( ), 323.15 K ( ), 333.15 K ( ) and atmospheric pressure. Dashed 
lines represent the fitting to Eq. (3) and solid lines are a guide to the eye. 
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the enzyme for the DES-rich phase, as the extraction values are greater 
than 75% no matter the surfactant under study. The greater ability of the 
selected choline dihydrogen phosphate-based DES to interact with the 
enzyme may be the result of a complex balance of hydrophobicity, po-
larity and hydrogen bonding interaction of the enzyme and the ABS 
components. These data are in line with other partition studies carried 
out with both lipases and other enzymes like pectinases in the presence 
of choline chloride and non-ionic surfactants or polymers [49,50]. In 
summary, the present research work demonstrates the suitability of 
choline dihydrogen phosphate-based DES for the extraction of lipases 
from aqueous solutions where they are usually produced leading to a 
biocatalytic milieu that can be straightforward employed in applications 
such as biodiesel production of the resolution of racemic mixtures in 
pharma industries. 
4. Conclusion 
The present research work has allowed concluding the suitability of a 
novel DES based on choline dihydrogen phosphate and ethyleneglycol 
for triggering phase disengagement in aqueous solutions of non-ionic 
surfactants. The systems were characterized in depth at different tem-
peratures and atmospheric pressure, and the experimental data were 
successfully correlated by different empirical equations. The application 
of the developed ABS to aqueous solutions containing a model 
C. antarctica lipase B work allowed concluding the suitability of the 
system carried out in the presence of Tween 80 to both avoid enzyme 
deactivation and to ease the migration of 80% of the enzyme to the DES- 
rich phase, which proves the biocompatibility of these solvents to be 
applied in enzyme extraction units and facilitating the use of these 
complex enzyme-DES for possible biocatalytic applications. 
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zu Kohlensäure, Z. Phys. Chem. 4 (1889) 117–125. 
[49] V.E. Wolf-Márquez, M.A. Martínez-Trujillo, G. Aguilar Osorio, F. Patiño, M. 
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